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(54) Electronic device, especially chemical sensor, comprising a nanoparticle structure 



(57) The invention relates to an electronic device 
comprising a nanoparticle structure and configured 
such that, when driven by a power source, a current path 
is defined through said nanoparticle structure, wherein 
the nanoparticle structure comprises a substrate and 



metal and/or semiconductor nanoparticles, wherein the 
nanoparticles are linked to each other and/or to the sub- 
strate by bifunctional or polyfunctions ligands. The in- 
vention especially relates to an electronic device in the 
form of a sensor for detecting one or more analytes in 
a liquid or a gas phase. 
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Description 

[0001] This invention relates to an electronic device 
according to the first part of claim 1 and especially to 
the use of such electronic devices as sensors for detect- 
ing analytes in the fluid or gas phase. 
[0002] Chemical sensors for inorganic gases gain an 
increasing importance in connection with the control of 
chemical processes and environmental issues. A wide 
variety of chemical sensors for inorganic gases and or- 
ganic gases is available on the market. A problem with 
most chemical sensors is that they are not able to detect 
small concentrations of analytes, e.g. in the range of 10 
ppm and below. Semiconductor sensors are known 
which are more sensitive and which can operate in a 
range of about 0.1 to 1 ppm. These sensors rely on the 
effect that the semiconductor changes its conductivity 
after adsorption of analyte molecules. However, such 
semiconductor sensors are usually rather unstable and 
therefore unreliable. Furthermore, the interaction be- 
tween the semiconductor layer and the analyte usually 
has to be of the donor-acceptor type to gain a measur- 
able change of conductivity. 

[0003] Recently, H. Wohttjen and A.W. Snow, Anal. 
Chem. 1 998, 70, 2856 proposed a new type of sensor, 
comprising gold nanoparticles deposited on a quartz 
substrate comprising a microelectrode structure. The 
nanoparticles were deposited on the substrate by spray- 
ing (airbrush technique). The conductivity of the nano- 
particle layer changed with the concentration of toluene 
vapour in the surrounding atmosphere and allowed a 
detection of toluene down to 2.7 ppm. Experiments with 
tetrachloroethylen (TCE) and propanol showed a signif- 
icant dependence of the conductivity on the concentra- 
tion of the analyte for TCE and a weak dependence for 
propanol. 

[0004] Although the sensor described in this paper 
has many desirable features, it may however not be suit- 
able for detection in the liquid phase due to its structure. 
Furthermore, there is only limited control over the elec- 
tronic and chemical properties of the device. 
[0005] It is the object of the present invention to pro- 
vide an electronic device comprising a nanoparticle 
structure, which is especially suitable for use as a sen- 
sor and which can be more closely tailored to the needs 
of an analytic process. 

[0006] This object is accomplished by an electronic 
device which comprises a nanoparticle structure and is 
configured such that a current can be conducted 
through said nanoparticle structure, and which is char- 
acterized in that the nanoparticle structure comprises a 
substrate and semiconductor and/or metal nanoparti- 
cles, wherein the nanoparticles are linked to each other 
and/or to the substrate by bif unctional or polyf unctional 
ligands. 

[0007] The substrate may especially consist of glass 
or of a semiconductor. The latter is preferred if the de- 
vice is used in an integrated structure. The nanoparti- 



cles preferably are made of good conductors. In order 
to provide chemical stability it is preferred that the ma- 
terial is chemically inert as well so that gold or platinum 
are especially preferred. The function of the bif unctional 

s or polyfunctional ligands is to connect two or more na- 
noparticles so that a structure is formed that is both me- 
chanically and electrochemically stabilized. 
[0008] In a preferred embodiment of the invention the 
nanoparticles are arranged in layers, wherein nanopar- 

10 tides in each of said layers and nanoparticles of adja- 
cent layers are interconnected by one or more of said 
ligands. 

[0009] Preferably, the ligands interconnecting the na- 
noparticles are basically of the same length, although it 

15 may also be envisaged to use ligands of different 
lengths, for example connecting layers and for connect- 
ing nanoparticles within one layer, respectively. 
[0010] In a preferred embodiment it is provided that 
said ligands comprise one or more amino groups and/ 

20 or one or more thiol groups. 

[0011] The ligands may be chosen from the group 
comprising mercaptoalkylsilanes, aminoalkylsilanes, 
dimercaptoalkanes, diaminoalkanes and hydroxy- and 
carboxy-alkanes, especially dihydroxyalkanes and di- 

25 carboxyalkanes. Not only alkanes, but also bi- and poly- 
functional organic and/or inorganic compounds may be 
used as linkers (ligands). 

[0012] According to a specific embodiment, the nan- 
oparticle structure is integrated together with a transistor 

30 structure to form a controlling element for current be- 
tween terminals of the transistor. 
[0013] The invention also provides an electronic de- 
vice, especially as set out above, wherein a (resonant) 
tunneling structure is formed by one or more layers of 

35 nanoparticles sandwiched between insulating barriers 
and this tunneling structure is arranged to control a tran- 
sistor by the current flowing therethrough in response to 
a voltage applied to the (resonant) tunneling structure. 
[001 4] The invention is especially directed to the use 

40 of a device as set out above as a sensor for detecting 
one or more analytes in a liquid or gas phase, wherein 
the analyte is detected by a change of conductivity of 
the nanoparticle structure. 

[0015] Furthermore, the invention provides a sensor 
45 for detecting one or more analytes in a liquid or gas 
phase, especially a sensor forming an electronic device 
as set out previously, comprising a nanoparticle struc- 
ture, which is accessible to an analyte in the environ- 
ment of the sensor, and means for detecting the con- 
50 ductivity of said nanoparticle layer, characterized in that 
the nanoparticle structure comprises a substrate and 
semiconductor and/or metal nanoparticles, wherein the 
nanoparticles are linked with each other and/or the sub- 
strate by bifunctional or polyfunctional ligands. 
55 [001 6] Preferably the means for detecting the conduc- 
tivity of said nanoparticle layer work according to an 
electric measurement principle, i.e. they detect the cur- 
rent flowing for a given voltage. Standard resistance/ 



2 



3 



EP 1 022 560 A1 



4 



conductivity measuring circuits may be used. Although 
this is the preferred embodiment, other ways for detect- 
ing the conductivity of the nanoparticle layer and related 
means could be contemplated for use in the sensor ac- 
cording to the invention, especially means for optically 
determining the conductivity, e.g. by optically measur- 
ing the complex dielectric function of the nanoparticle 
structure. 

[0017] The invention may especially provide that the 
ligands define cavities having a size greater or equal to 
that of the analyte to be detected. 
[0018] It can be furthermore be provided that the lig- 
ands comprise chains and/or side chains to promote the 
adsorption of a specific analyte and/or to prevent or 
hinder the adsorption of substances other than said an- 
alyte. 

[0019] Furthermore, the invention may provide that 
the surface of at least of some nanoparticles is modified 
to favour adsorption of a specific analyte and/or hinder 
or prevent adsorption of substances other than said an- 
alyte. 

[0020] The invention especially applies to a sensor 
that it is adapted to detect one ore more of the following 
substances: ammonia, ethanol, propanot, water, 
aliphatic and aromatic hydrocarbons. 
[0021] According to a specific embodiment of the in- 
vention it may be provided that the sensor comprises an 
amplifying element controlled by the current flowing 
through the nanoparticle structure. 
[0022] Especially, the nanoparticle structure may be 
arranged such that it controls the base current of a bi- 
polar transistor through changes of its conductivity. 
[0023] Furthermore, it can be provided that the nano- 
particle structure is enclosed between two tunneling 
barriers and forms a resonant tunneling device control- 
ling the amplifying element. 

[0024] Preferably the nanoparticle structure is inte- 
grated together with said amplifying element in an inte- 
grated circuit (IC). 

[0025] According to a specific embodiment, a chemi- 
cally selective membrane is provided on top of the na- 
noparticle structure so that it is exposed to the analyte, 
or within the nanoparticle structure. 
[0026] The invention also provides an advantageous 
method to produce a nanoparticle structure for use in 
devices in sensors as described above, which are char- 
acterized in that self-assembly techniques are em- 
ployed. Especially, such a method may comprise the fol- 
lowing steps: 

a) linking a first layer of nanoparticles to a substrate 
by ligand molecules, 

b) linking bifunctional or polyfunctional ligands to 
said first layer of nanoparticles, 

c) linking a further layer of nanoparticles to said bi- 
functional or polyfunctional ligands, 

wherein steps b) and c) may be repeated to create a 



plurality of stacked nanoparticle monolayers on said 
substrate. Preferably, the nanoparticle layers are essen- 
tially monolayers. 

[0027] Preferably the entire nanoparticle structure 
s has a thickness in the range of 50 to 1 00 nm. In the pre- 
ferred embodiments, the nanoparticle structure com- 
prises about 1 0 to 20 layers. 

[0028] The term "nanoparticle", as used in the context 
of this application, is to be understood as a particle hav- 
10 ing a relevant length scale of 1 pm or less. It is preferred 
to use structures with particles having a diameter of 1 00 
nm or less, more preferably 20 nm or less. 
[0029] It has turned that the above-mentioned elec- 
tronic device and sensors according to the present in- 
15 vention are very well suited as sensors for detecting the 
analyte and measuring the analyte concentration 
through a change of conductivity. They show a signifi- 
cant change (increase or decrease) of conductivity upon 
absorption of an analyte, such as ammonia, ethanol, 
20 propanol, hexanes, water or toluene. Due to their struc- 
ture and especially the cross-linking bifunctional or poly- 
functional ligands, they are more stable and especially 
suitable for detection in the liquid phase. They have a 
high surface to volume ratio and afford low signal to 
25 noise ratios. 

[0030] By using bifunctional or polyfunctional ligands 
it is also possible to define the location of the nanopar- 
ticles with regard to each other and to the substrate in 
a much more precise manner as according to the prior 
30 art. Especially, by adjusting the size of the ligands and 
thus the size of the cavities between the nanoparticles, 
the size of these cavities can be adjusted to fit the size 
of an analyte molecule, which can therefore diffuse in 
and out of these cavities, thereby changing the conduc- 
es tivity of the structure. According to advantageous em- 
bodiments, it is possible to promote the selectivity by 
providing the ligands and/or the surface of the nanopar- 
ticles with desirable chemical properties favouring the 
adsorption of the analyte and preventing or hindering 
40 the adsorption of undesired substances. The new nan- 
oparticle structure according to the invention is not only 
useful for sensors, but also for producing other electron- 
ic devices where well defined properties, especially a 
well defined conductance, are desirable or necessary. 
45 Especially, such electronic devices may comprise a res- 
onant tunneling transistor, wherein the tunneling ele- 
ment is formed by at least one nanoparticle structure 
between two insulating barriers. Resonant tunneling 
transistors are described, for example, in Michael S. 
50 Montemerlo et al., Technologies and Designs for Elec- 
tronic Nanocomputers, The MITRE Corporation, 
McLean, Virginia, 1996, p. 10 et seq. With regard to de- 
tails of the structure of a resonant tunneling transistor, 
explicit reference is made to this document and the re- 
55 lated publications cited therein, especially J.M. Rabaey, 
Digital Integrated Circuits: A Design Perspective, Pren- 
tice Hall, 1996 and A.C. Seabaugh et al, IEEE Transac- 
tions on Electronic Devices, Vol. 36, No. 10, 1989, pp. 
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2328 - 2334 and Appl. Phys. Lett., Vol. 59, 1991, pp. 
341 3 - 3415. The invention proposes to replace the res- 
onant tunneling device which was provided in the 
above-mentioned prior art together with a transistor to 
result in a resonant-tunneling transistor and which was 
made by conventional techniques, e.g. employing sem- 
iconductors, by a resonant tunneling device comprising 
a nanoparticle structure having tunneling barriers on 
both sides. Especially referring to such resonant tun- 
neling transistors, it should be understood that the 
present application is not limited to transistors having a 
nanoparticle structure comprising bifunctional or poly- 
functional ligands and rather comprises also embodi- 
ments wherein the nanoparticle structure is of a different 
nature. 

[0031] Further features and advantages of the 
present invention will be apparent from the detailed de- 
scription of a specific embodiment in connection with the 
drawings. 

Fig. 1 schematically shows a simplified diagram of 
a circuit comprising an electronic device ac- 
cording to the present invention for use as a 
chemical sensor and 

Fig. 2 schematically shows the nature of the nano- 
particle structure employed according to the 
present invention. 

[0032] In the embodiment schematically shown in Fig. 
1 , the electrochemical sensor according to the present 
invention comprises a substrate 1 , which may be a glass 
plate, a silicon wafer or the like, carrying a nanoparticle 
structure 3. On the nanoparticle structure there are con- 
tacts 5, 7 to be connected with a power supply 8 and a 
current measuring device 9 for determining the conduc- 
tivity or resistance of the nanoparticle structure. The 
contacts 5 and 7 may be of any suitable form and may 
especially be finger electrodes or interdigitated elec- 
trodes. The precise location of these contacts is only rel- 
evant in that they should allow measuring the conduc- 
tivity of the nanoparticle structure in a reliable way. For 
example, it could be envisaged to provide them on the 
substrate. 

[0033] Fig. 2 shows the nanoparticle structure and its 
connection to the substrate schematically in more detail. 
On the substrate 1 a first layer I of nanoparticles 11 is 
provided, which are linked to the substrate by linking 
molecules or ligands 13. Suitable ligands for fixing the 
nanoparticles to a substrate are well known and availa- 
ble to people skilled in the art. For example, if the nan- 
oparticles consist of gold and a glass substrate is used, 
a suitable ligand is 3-aminopropyltriethoxysilane. The 
nanoparticles 11 of layer I are also linked with each other 
through ligands 15, which are preferably different from 
the ligands 1 3 linking the nanoparticles to the substrate. 
Such ligands may especially be mercaptoalkylsilanes, 
aminoalkylsilanes, dimercaptoalkanes, diaminoalkanes 



or polyfunctionalized polymers. 
[0034] Overlying the first layer of nanoparticles there 
is a second layer II of nanoparticles 11 which are linked 
to the nanoparticles of the first layer I by said ligands 1 5 

s and also linked with each other within the layer through 
ligands 15, as previously described with regard to layer 
I. On the second layer, there may be one or more further 
layers (III) of nanoparticles which are interlinked within 
the layer and to the layer below in the manner previously 

10 described. Preferably, in order to allow an easy diffusion 
of analytes, the nanoparticle layer should be thin, but 
thick enough to allow a conductivity in a range that can 
be readily detected. A presently preferred range for the 
thickness of the nanoparticle structure is about 50 to 1 00 

is nm. 

[0035] In order to improve the selectivity of the sensor, 
a selective membrane may be arranged on top of the 
uppermost nanoparticle layer or embedded in the nan- 
oparticle structure. Such membranes may be manufac- 

20 tured in a variety of manners, especially by molecular 
imprinting techniques (cf. S.W. Lee et al, Langmuir, 
1998, 14, 2857; F.L Dickert et al, Adv. Mater. 1998, 10, 
149), which also allow to implement a selective mem- 
brane or structure within the nanoparticle structure. 

25 [0036] From Fig. 2 it can be seen that the ligands con- 
necting nanoparticles 11 define cavities into which ana- 
lyte molecules 17 may diffuse. If analyte molecules oc- 
cupy these cavities, the conductivity of the nanoparticle 
structure changes. It was shown that the amount and 

30 direction of the change (positive or negative) may be 
specific for different analytes. Depending on the nature 
of the analyte and the materials used to build the nano- 
particle structure, adsorption to the nanoparticles and/ 
or to the ligands may also take place. By tailoring the 

35 size of these cavities to the size of the analyte molecules 
to be detected, which can be done by choosing an ap- 
propriate length of the hydrocarbon chain of the ligands, 
selectivity can be achieved in a controlled manner. Fur- 
thermore, adsorption of analyte molecules may be pro- 

40 moted by adjusting the chemical properties of the nan- 
oparticles and/or the ligands in a manner well known per 
se. For example, hydrophilic, hydrophobic, aromatic or 
otherwise chemically functional ized chains and side 
chains may be introduced to the ligands so that an ad- 

45 sorption of the analyte is promoted and the adsorption 
of undesired substances, e.g. water, is prevented. 
[0037] Likewise, the nanoparticles may be chosen to 
consist of a suitable metal and/or to have a surface treat- 
ed for promoting the adsorption of a specific analyte. 

so Generally, good conductors, such as gold or platinum, 
which are also chemically inert, are preferred as basic 
materials for the nanoparticles in order to get a good 
conductivity signal. However, other materials showing 
an acceptable conductivity and chemical stability, espe- 

ss cially semiconductors, are also contemplated. 

[0038] Preferred methods to provide a layered struc- 
ture as shown in Fig. 2 are self-assembly methods which 
are well known in the art per se. Basically, self-assembly 
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methods provide to prepare a substrate surface with 
linking molecules linking to the substrate and able to link 
to the envisaged nanoparticles as well. On the substrate 
surface thus prepared a first layer of nanoparticles is 
provided which are linked to said linking molecules. In 
the next step multifunctional ligands linking to the nan- 
oparticles are added to which a new layer of nanoparti- 
cles is linked in the next step and so on so that by adding 
step by step nanoparticles and multifunctional ligands a 
layered structure is formed. 

Example 

[0039] In order to prepare a sensor according to the 
present invention, nanoparticles were prepared as de- 
scribed in D.V. Left, L Brandt, J.R. Heath, Langmuir, 
1 996, 1 2, 4723, using dodecylamine as a stabilizing lig- 
and. The particles were deposited and chemically linked 
onto a glass substrate by the use of 3-aminopropyltri- 
ethoxysilane. The particles were chemically linked with 
each other and self -assembled by the use of 1 ,6-dimer- 
captohexane. The nanoparticle structure thus created 
consists of several layers of self-assembled nanoparti- 
cles. Contacts were applied and connected to a resist- 
ance measuring circuit. The sensors thus built showed 
a response of the conductivity to ammonia in the sub- 
second response time regime with a good signal-to- 
noise ratio. The response was reversible and thus the 
suitability of this structure for sensor purposes was dem- 
onstrated. 

[0040] Similar experiments were carried out for etha- 
nol, propanol, water, hexanes, toluene and other ana- 
lytes. The changes in conductivity were up to 30 % and 
mostly occurred in the sub-second response time re- 
gime when the film was exposed to the analyte vapour. 
[0041] It was also shown that the selectivity and the 
sensitivity of the device towards the analytes could be 
adjusted by heating the structure before using as a sen- 
sor. For example, the response to an exposure to am- 
monia or water changed from an increase to a decrease 
of conductivity after curing it at elevated temperature. 
The use of a long-chain dithiolalkanes as bifunctional 
linkers between the nanoparticles improved the sensi- 
tivities towards some organic compounds. 
[0042] Due to the use of nanoparticles, the sensor ac- 
cording to the invention has a high sensitivity with a high 
signal-to-noise ration even for low analyte concentra- 
tions. Due to the linking of the nanoparticles, the struc- 
ture is more stable than according to the prior art. Es- 
pecially, stability against humidity can be achieved 
again by introducing hydrophobic linkers between the 
particles. 

[0043] The features of the present invention disclosed 
in the specification, the claims and/or in the accompag- 
nying drawings may, both separately and in any combi- 
nation thereof, be material for realizing the invention in 
various forms thereof. 



Claims 

1. Electronic device which comprises a nanoparticle 
structure and is configured such that a current can 

5 be conducted through said nanoparticle structure, 
characterized in that the nanoparticle structure 
comprises a substrate and metal and/or semicon- 
ductor nanoparticles, wherein the nanoparticles are 
linked to each other and/or to the substrate by bi- 
ro functional or polyf unctional ligands. 

2. Electronic device according to claim 1, character- 
ized in that the nanoparticles are arranged in layers, 
wherein nanoparticles in each of said layers and na- 

15 noparticles of adjacent layers are interconnected by 
one or more of said ligands. 

3. Electronic device according to claim 1 or 2, charac- 
terized in that said ligands comprise one or more 

20 amino groups and/or one or more thiol groups. 

4. Electronic device according to one of claims 1 to 3, 
characterized in that the ligands are chosen from 
the group comprising mercaptoalkylsilanes, ami- 

25 noalkylsilanes, dimercaptoalkanes, dithiolalkanes, 
diaminoalkanes, dihydroxylalkanes and dicarboxy- 
lalkanes. 

5. Electronic device according to one of claims 1 to 4, 
30 characterized in that the nanoparticle structure is in- 
tegrated together with a transistor structure to form 
a controlling element for current between terminals 
of the transistor. 

35 6. Electronic device, especially according to claim 5, 
characterized in that a resonant tunneling structure 
is formed by one or more layers of nanoparticles 
sandwiched between insulating barriers and that 
this tunneling structure is arranged to control a tran- 

40 sistor by the current flowing therethrough in re- 
sponse to a voltage applied to the resonant tun- 
neling structure. 

7. Use of a device according to one of claims 1 to 6 as 
45 a sensor for detecting one or more analytes in a liq- 
uid or gas phase. 

8. Sensor for detecting one or more analytes in a liquid 
or gas phase, especially a sensor forming an elec- 

50 tronic device according to one of claims 1 to 7, com- 
prising a nanoparticle structure, which is accessible 
to an analyte in the environment of the sensor, and 
means for detecting the conductivity of said nano- 
particle layer, 

55 characterized in that the nanoparticle structure 
comprises a substrate and semiconductor and/or 
metal nanoparticles, wherein the nanoparticles are 
linked with each other and/or the substrate by bi- 
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functional or polyfunction^ ligands. 

Sensor according to claim 8, characterized in that 
the ligands define cavities having a size greater or 
equal to that of the analyte to be detected. 



bifunctional or polyfunctional ligands. 

19. Method according to claim 18, characterized in that 
steps b) and c) are repeated to create a plurality of 
stacked nanoparticle monolayers on said substrate. 



10. Sensor according to claim 8 or 9, characterized in 
that the ligands comprise chains and/or side chains 
to promote the adsorption of a specific analyte and/ 

or to prevent or hinder the adsorption of substances 10 
other than said analyte. 

11. Sensor according to one of claims 8 to 10, charac- 
terized in that the surface of at least of some nano- 
particles is modified to favour adsorption of a spe- 1$ 
cific analyte and/or hinder or prevent adsorption of 
substances other than said analyte. 

12. Sensor according to one of claims 8 to 11 , charac- 
terized in that it is adapted to detect one or more of &> 
the following substances: ammonia, ethanol, pro- 
panol, toluene, water, hexanes. 

13. Sensor according to one of claims 8 to 12, charac- 
terized in that it comprises an amplifying element 25 
controlled by the current flowing through the nano- 
particle structure. 

14. Sensor according to claim 1 3, characterized in that 

the nanoparticle structure is arranged such that it 30 
controls the base current of a bipolar transistor 
through changes of its conductivity. 

15. Sensor according to one of claims 13 or 14, char- 
acterized in that the nanoparticle structure is en- -35 
closed between two tunneling barriers and forms a 
resonant tunneling device. 

16. Sensor according to one of claims 13 to 15, char- 
acterized in that the nanoparticle structure is inte- 40 
grated together with said amplifying element in an 
integrated circuit (IC). 

17. Sensor according to one of claims 8 to 16, charac- 
terized in that a chemically selective membrane is 45 
provided on top of or within the nanoparticle struc- 
ture. 



18. Method for producing a nanoparticle structure for 
use in an electronic device according to one of 50 
claims 1 to 7 and/or a sensor according to one of 
claims 8 to 1 7, characterized by the following steps: 



a) linking a first layer of nanoparticles to a sub- 
strate by ligand molecules, 

b) linking bifunctional or polyfunctional ligands 
to said first layer of nanoparticles, 

c) linking a further layer of nanoparticles to said 
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